In this study, the space charge behavior in ethylene propylene rubber (EPR) under a 50-Hz AC field is studied based on the variation of space charge response, FTIR spectra and impurity contents inside EPR with thermal treatment. The space charge was detected with the pulsed electroacoustic (PEA) method and the phase shift of detecting pulse under 50 Hz AC field was realized according to the automatic equal phase shift (AEPS) principle. The results show three main types of impurities in untreated EPR. Three distinct regions of space charge distribution are seen in untreated EPR under a 50-Hz AC field. The mean phase density of space charge ρ θ is increased with the enhancement of the applied field from 15 to 61 kV/mm. The maximum electric field distortion rate of untreated EPR tends to rise first and then decrease, ranging from 6.65% to 31.87%. The impurity content and the ρ θ decreased significantly for EPR thermal treated at 150 • C for 18 h. Corresponding, the maximum electric field distortion rate is effectively reduced to 0.66%. Finally, the space charge source and migration process are speculated based on the diffusion trend of the space charge isodensity line and the migration direction of various charges under the electric field.
I. INTRODUCTION
Ethylene propylene rubber (EPR) is one of the main insulators at medium and high voltage scales and accounts for 15% of total sales on the market, being second only to cross-linking polyethylene (XLPE) which accounts for 40%. It plays a dominant role in several important fields, such as coal mining, oil production and submarine cable manufacture, due to its excellent corona resistance, water tree resistance, flexibility and high temperature performance [1] - [4] . However, insulation with EPR material is generally exposed to complicated natural and electrical environments, which lead to failure during electrical equipment operation [5] - [7] . The aging and failure mechanisms of EPR have been researched extensively. Lei et al. studied the influence of temperature (25 • C to 150 • C) on dielectric properties and partial discharge (PD) characteristics of EPR. It has been shown that both the average discharge power and the average discharge current The associate editor coordinating the review of this manuscript and approving it for publication was Boxue Du . decrease with elevated temperature under the same electric field [8] . Men et al. aged EPR material at a temperature of 120 • C for 120 days and measured the space charge profile. This indicated that negative charge accumulated near both electrodes and that the amount first rose and then fell over time [9] . Yin et al. found that when LDPE and EPR were in close contact, their interface could easily accumulate space charge. The amount of charge increased with the electrical stress from 1 to 5 kV and showed a trend of first increasing and then stabilizing at 30, 50 and 80 • C [10] . Li et al. simulated the interface behaviors of EPR/XLPE interface based on bipolar carrier transportation model, which indicated that the existence of surface state results in deepening trapping level of surface layer and that decreasing the surface trap depth of the EPR's surface can weaken the trapping process and therefore suppress interface charge accumulation [11] . Du and Li dispersed carbon black nanoparticles in EPR with proportions ranging from 0 to 5 wt%, and found that a ∼1 wt% carbon black nanoparticle-doped EPR can effectively suppress EPR/XLPE interface charge [12] . VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ However, these studies focused mainly on charge behavior in a DC electric field. EPR is applied not only in HVDC cables, but also in HV stator winding and mine-used cables that are subjected to AC stress [13] . Few studies have examined the space charge behavior of EPR under AC stress. Limitations of the space charge detection system, such as the frequency limitation of detecting pulse by PEA method, play a role in this research disparity. Li and Tanaka studied the space charge behavior in AC voltage of water-treed PE and measured a phase resolution of 18 o [14] . Zhou and Chen detected the space charge of LDPE material under AC stress and measured a result with a phase resolution of approximately 18 • [15] . However, the above phase resolution is still insufficient for accurate assessment of the spatial charge characteristics under the AC electric field. Wu and Yin recently proposed an AEPS principle to release the quick and accurate phase shift between detecting pulse and polarization field for detection system based on PEA method [16] . It is reported that a phase resolution around 1.8 • has been achieved for detecting space charges in LDPE under an AC field with frequency from 10 to 10 kHz [17] . The problem of low phase resolution caused by limitations in detecting pulse source frequency has thus been solved very well.
In this paper, the space charge characteristics of EPR under an AC field have been studied based on a modified PEA system with the AEPS principle. The space charge source and charge transport in EPR under a 50-Hz AC field are investigated based on the variation of space charge response, FTIR spectra and impurity contents inside EPR with thermal treatment.
II. EXPERIMENTAL DETAILS AND TEST PROTOCOL A. SAMPLE PREPARATION
One type of EPR, EPDM, commonly used as commercial high-voltage cable insulation, was used in this study. The raw material was softened at 60 • C and shaped at 177 • C for 7 minutes under 13.1 MPa and cooled to room temperature. The sample thickness varied from 120 to 163 µm. To analyze the space charge source under an AC field, the samples were thermally treated at 150 • C at various atmospheric pressures, as shown in Table 1 . After these treatments, all samples were slowly cooled to room temperature
B. SPACE CHARGE MEASUREMENT
Space charge behavior under a 50-Hz AC field was observed directly via the PEA method and AEPS principle. The PEA method was used to realize the information conversion between the space charge inside the sample and the voltage of the detection sensor. The spatial resolution of space charge detection in the direction of thickness is about 10 µm. The phase properties of space charge distribution under a 50-Hz AC field was obtained by phase shift of detecting pulse according to the AEPS principle. The phase resolution about 0.36 • was realized by setting the frequency of the detecting pulse at 1001 Hz. To improve the signal-to noise ratio, data average process was applied, and all the space charge data are the results of averaging over 20 times. The phase of the applied voltage and the direction of applied field are defined as shown in Figure 1 . The materials of the top and ground electrodes are semi-conductive and aluminum, respectively. The measurement process was according to T/CEEIA 293-2017 [18] . The space charge behavior was immediately detected after the application of 50-Hz AC field at room temperature. One scanning period from 0 o to 360 o was about 1 s with 50 periods of AC field according to AEPS principle. AC fields were used with peak magnitudes of 15, 22, 30, 46 and 61 kV/mm, respectively. The space charge behavior of treated EPR under +30 kV/mm DC field was detected for auxiliary analysis, and the sampling interval was 1 s.
C. FTIR SPECTRA MEASUREMENT
Measurements were performed on samples mentioned in Table 1 with a spectrometer FTIR (Thermo Fisher Nicolet 6700) in the spectral range 4000 to 800 cm −1 and with a resolution of 0.09 cm −1 . The surfaces of the samples were in close contact with the probe, and the attenuated total reflection (ATR) technique was well adapted.
D. GAS CHROMATOGRAPH-MASS SPECTROMETER DETECTION
The samples, after their respective treatments were cut into pieces about 1 g and immersed in a solution of 15 ml of chloroform and 15 ml of cyclohexane. The solutions with pieces were shaken with an ultrasonic oscillator for 40 minutes to sufficiently dissolve the by-product, and ∼3 g of anhydrous sodium sulfate was added to absorb the water in the solution and the solid residue in the solution were filtered out. Finally, the by-products in the solution were detected with the gas chromatographic method using Agilent 7890B-5977B.
III. EXPERIMENTAL RESULTS

A. SPACE CHARGE BEHAVIOR
Space charge behavior from 0 • to 360 • are shown in Figure 2 for untreated samples polarized under a 50-Hz AC field. The induced charges caused by the applied field at the interface between the electrode and EPR are removed to clearly observe the space charge accumulation inside EPR. This accumulation can be calculated as follows [19] :
where x is the position coordinate across the specimen, and V ref and V app represent the reference voltage and the applied voltage, respectively. ρ acc (x) represents the space charge density less the induced charge, ρ app (x) and ρ ref (x) represent the space charge density under the applied voltage and the reference voltage, respectively. As shown in Figure 2 , the total accumulation of space charge from 0 • to 360 • is weak under 15 kV/mm AC field. It increases sharply when the electric field rises to 22 kV/mm-peak and then grows gradually at higher fields. Moreover, space charge accumulation is changed with the phase of electric field. The space charge is mainly concentrated in the phase near 90 • and 270 • of electric field, and no obvious space charge accumulates near 0 • and 180 • .
Three distinct regions for space charge distribution exist inside the specimen. Region 1 extends to a depth of ∼80 µm from the surface of the top electrode. Negative and positive space charge are the dominant charge in the half-cycle of positive and negative polarized voltages, respectively. Corresponding charge density tends to penetrate into the sample, and a layered charge distribution is seen in the local area. Region 2 begins ∼30 µm inside the sample, and the dominant charge matches that of Region 1, whilst the accumulation is at its weakest within the sample. Region 3 extends to a depth of ∼10 µm from the surface of ground electrode. The polarity of space charge in this region is the same as that of the ground electrode (i.e., cathode and anodes under an AC electric field). However, the heterocharge accumulation is apparent inside the sample surface adjacent to the ground electrode at 46 and 61 kV/mm.
Space charge behaviour under AC and DC filed for EPR with different treated methods is shown in Figure 3 . The polarity of dominant charge inside all three sample regions is the same as for the untreated sample under 30 kV/mm AC field, whilst the charge accumulations are all significantly reduced after thermal treatment at 150 • C. In addition to the apparent space charge layers in Region 1 in Figure 3a , a zone without notable space charge accumulation occurs when the sample is treated at 150 • C and 101 kPa. With treatment at 150 • C and 0.01 Pa, the accumulation of space charge decreases further, as shown in Figure 3b . No apparent space charge exists in Region 1 and Region 2, but a homocharge layer occurs near the ground electrode in Region 3. The space charge behaviour under +30 kV/mm DC field is shown in Figure 3c for treated EPR at 150 • C and 0.01 Pa. Obviously, the space charge accumulation enhances with polarization time under DC field, and it is significant higher than that under AC field. Moreover, the space charge distribution at the beginning of 1 s under DC polarization is similar to that at half-cycle of positive polarized voltages. It indicates that the time constant of the space charge change is very small and charge can quickly accumulate inside dielectric.
B. FTIR SPECTRA
The FTIR spectra of EPR under different treatment methods is shown in Figure 4 . 3 Six main characteristic peaks are seen in the spectrum from 800 to 4000 cm −1 . The peaks at 2920 and 2850 cm −1 are associated with asymmetric and symmetric stretching vibrations of methyl and methylene in EPR [20] . The peaks at 1377 and 1432 cm −1 correspond to the -CH2-scissoring vibration mode and symmetric C-H stretching, respectively. The broadest peak at 1080 cm −1 relates to the stretching vibration mode of C-O-C or to the skeletal vibration mode of C-C. No significant change can be observed for thermal treatment of the samples at 150 • C, spending 18 h at varying atmospheric pressures, which means that no obvious thermal aging occurred during the thermal treatment.
C. GAS CHROMATOGRAPH-MASS SPECTROMETER DETECTION
The by-product types (i.e., impurities) and corresponding content are shown in Figure 5 for EPR treated with different conditions. The results of GC-MS spectrometry showed three main types of by-product inside the EPR: long-chain alkanes (with a main chain carbon number between 18 and 30), α-methylstyrene and benzenemethanol. The content of these impurities can be obviously reduced after the thermal 
IV. DISCUSSION
A. SPACE CHARGE ACCMULATION AND ELECTRIC FIELD DISTORTION
The space charge accumulation in the dielectric is a significant phenomenon under an applied DC electric field, but it is generally neglected for applied AC fields due to rapid injection and extraction of charges under the periodic electric field. The space charge density at each position x inside the sample at an electric field phase θ is indicated by ρ(x, θ ). As shown in Figure 2 for untreated EPR, the space charge accumulation is sometimes apparent under a 50-Hz AC field. Obviously, ρ(x, θ) at position x is periodically varied with the phase θ . The mean phase density of space charge, ρ θ , is used to approximately evaluate the space charge accumulation in each cycle as follows:
where x 0 and x 1 are the positions of the ground and top electrodes, respectively. In this definition, the positive charge and negative charge are counted separately, so formula (2) is only used to calculate the value of space charge with the same polarity. The accumulation values are shown in Figure 6 for positive and negative charges. For untreated EPR, the mean phase density ρ θ of both types of space charges increases linearly with the applied AC field. Thermal treatment of the sample at 150 • C for 18 h can suppress the space charge accumulation in the EPR. Moreover, the charge density ρ θ is significantly reduced with the decrease in atmospheric pressure during thermal treatment.
Compared with the content of by-product shown in Figure 5 , the attenuation trend of the charge density ρ θ is consistent with the decrease in by-product content. Thus, the by-products inside the EPR (i.e., long-chain alkanes, α-methylstyrene and benzenemethanol) may be associated with the main source for space charge under a 50-Hz AC field.
Space charge accumulation can modulate the electric field distribution inside a dielectric. The serious distortion of the local electric field inside the dielectric leads to accelerated aging and breakdown [21] . This problem is significant for dielectric in an applied DC field and has attracted wide attention. It is generally considered that distortion of the electric field due to space charge accumulation can be ignored in an AC field. The electric field behavior of EPR in an AC field is shown in Figure 7 . The distortion of the electric field is clear for untreated EPR. The electric field in Region 1 near the top electrode is enhanced, while that in Regions 2 and 3 is reduced. Thermal treatment can homogenize the distribution of electric fields inside the EPR. To assess the degree of distortion of electric field, the maximum distortion rate δ of the electric field is calculated as follows:
where the E peak is the peak value each half-cycle of AC field, and E max (θ ) and E theory (θ ) are the maximum value according to the space charge distribution inside sample and the theory value at phase θ of applied AC field, respectively. As shown in Figure 8 , the electric field distortion occurs inside the EPR from 0 • to 360 • under a 50-Hz AC field. Two phase regions are apparent for δ: the phase region around the maximum applied field at 90 • and 270 • and the zero point of applied voltage at 0 • and 180 • . Obviously, the maximum δ appears around the phase 90 • and 270 • . For example, δ ranges between 6.65% and 31.87% inside untreated EPR. The overall trend of maximum δ is to increase first for applied field from 15 kV/mm to 22 kV/mm, and then decrease later for applied filed enhance to 61 kV/mm. The distortion of the electric field is also significant for the phase around the zero point of applied voltage at 0 • and 180 • . Compared with the peak value in each half-cycle of the AC electric field, δ can attain ∼10.99% for untreated EPR under 15 kV/mm. Space charge residue near 0 • and 180 • of the AC field may be responsible for this phenomenon.
δ is significantly reduced to 0.66% inside the EPR after thermal treatment at high temperature and low atmospheric pressure. This indicates that the space charge accumulation caused by by-products primarily drives the distortion of local electric field inside the EPR under AC field.
B. SPACE CHARGE TRANSPORT UNDER AC FIELD
The source of space charge and its migration process within the dielectric are the key to understanding space charge transport under AC field. To analyse the source and migration mode, the isodensity line of typical space charge inside EPR is shown in Figure 9 . The numerical interval (i.e., ) is a constant between each isodensity line. The dense isodensity lines indicate that the area density difference is large, whilst the sparse isodensity lines indicate that the area density difference is small. The types of charge and corresponding migration direction can be deduced along with the trend of a 50-Hz AC field. The positive and negative ions form during the dissociation of impurities under a high electric field. This, together with the change of isodensity line and the ion charge migration direction under applied field, indicates that the ions formed by impurities dissociation are the dominant space charge source in Regions 1 and 2 for untreated EPR. The ion charge density in Region 1 is significantly larger than that in Region 2; this mainly relates to the electric field distortion caused by the space charge inside untreated EPR. Figure 10 shows the electric field distribution inside the EPR under a 50 Hz AC field at 90 • . The electric field increases significantly in Region 1 due to a large amount of heterocharge accumulation inside the surface side of EPR near top electrode. The heterocharge accumulation and electric field promote each other in this region. The heterocharge accumulation near the top electrode increases the electric field at the surface of the EPR.
The space charge polarity near the surface of untreated EPR in Region 3 is the same as that of the ground electrode under the periodic electric field. Therefore, the space charge in Region 3 is homocharge. No significant change is seen after thermal treatment, so the homocharge is most likely caused primarily by charge injected from the ground electrode in Region 3 (i.e., electrons and holes at each half cycle). According to the diffusion trend of the isodensity in Figure 8a , it is obvious that the injection depth is at least ∼26 µm from the ground electrode for untreated EPR. The injected charge is the dominant charge in Region 3. In Region 2, the charge density is similar between the injected charge migrated from Region 3. and the ions formed by dissociation of impurities. The space charge detected via the PEA method is composed of a variety of charges, such as holes, electrons, positive ions, and negative ions. A zerodensity region is formed at the junction of the two types of charges with the same density. In addition, according to the diffusion trend of the isodensity curve of thermal treated EPR, it is reasonable to intuit that the injection of charge is at least ∼40 µm from the ground electrode (i.e., migrating from Region 3 throughout Region 2). Compared with untreated and treated EPR polarized under 30 kV/mm, it is similar at an electric field of 12 kV/mm at the ground electrode. Therefore, the amount of charge injected should also be similar. However, the greater depth of charge injection after thermal treatment may be related to the reduction of electric field distortion due to the decrease of impurity content within the EPR. As can be seen from Figure 10 , the electric field in Regions 2 and 3 is significantly higher after thermal treatment. The amount of charge migration from the surface of the EPR is greater under the high electric field, so the injection depth from the ground electrode in treated EPR is higher than that of untreated EPR. When the polarized electric field is raised to 46 kV/mm, the injection depth of the ground electrode is only about 3 µm and does not increase with a strengthened electric field. This phenomenon is also related to the electric field distortion near ground electrode. The local electric field is severely weakened to ∼6.1 kV/mm near the ground electrode under a 46 kV/mm applied field, which is significantly lower than that polarized under 30 kV/mm. Thus, the amount of injected charge and the migration distance are somewhat less under 30 kV/mm applied field than at a higher field magnitude. In summary, the depth of charge injection from the electrode is mainly related to the distribution of local electric fields (within the surface of the dielectric adjacent to the electrode side) and has no proportional correspondence with the applied electric field.
In addition, according to the isodensity curve, Region 1 has several significant space charge layers for untreated and treated EPR. This phenomenon may be related to a composition of different charges at local positions. The analysis above shows that the ion is the dominant charge in this region. According to the polarity and density of space charge within surface, it is easier to inject electrons and holes from the interface between the aluminium (i.e., the ground electrode) and the EPR during polarity conversion of the AC field. The charge injection is low from the contact interface between the semiconductor (i.e., the top electrode) and the EPR. Therefore, the formation of significant layering in Region 1 is difficult after the charge has spread to the inside of the EPR. The layering phenomenon may be related to the migration of ions under the local field inside the EPR after impurity dissociation. The mobility of ions is lower than that of injected charge due to the large size of ions. As with the by-products shown in Figure 5 , at least three types of impurities exist within EPR. The ion size is obviously different due to the size variation between impurities. Thus, the mobilities of ions correspondingly differ within EPR, leading to different displacements during the half cycle. The layering phenomenon of space charge can be interpreted to occur due to the strong and weak superposition of positive and negative ion densities in Region 1.
V. CONCLUSION
Several conclusions can be drawn from the above observations and discussions for space charge behavior inside EPR under a 50-Hz AC field with the electrode structure (semiconductive electrode -EPR -aluminum electrode).
1) Three obvious regions of space charge accumulation exist inside untreated EPR. It is speculated that the charges in Region 1 and Region 3 near electrodes are mainly derived from the impurity ions and the electrode injection charge, respectively. Region 2 inside EPR is affected by both ions and injected charges.
2) Space charge accumulation inside the EPR increases with the increase of electric field from 15 to 61 kV/mm. For untreated EPR, the maximum electric field distortion rate δ tends to rise first and then decrease, lying between 6.65% and 31.87%. A decrease in impurity content after thermal treatment can effectively reduce the electric field distortion rate to 0.66%.
3) It is found that the Al electrode more easily injects charge than the semiconducting electrode. The charge injection depth is about 3 to 40 µm, which is mainly determined by the electric field.
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